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From Table 1 we find very good agreement between the two lowest tunneling barriers on VRT (ASP-W) and ab initio calculations (5, 23) , indicating that the topological features of the 6D IPS are adequately represented. The highest barrier (for bifurcation), which is not explicitly constrained in the fit, may be too small on VRT (ASP-W), but it is difficult to ascertain this given the large variations in ab initio values. In general, we clearly see significant improvements in the barrier heights relative to those on the ASP-W surface, indicating that the hydrogen bond rearrangement dynamics in the dimer will be properly represented.
To further characterize VRT (ASP-W), we have computed both equilibrium and vibrationally averaged ground state structures, D e , and D 0 for cyclic D 2 O trimers and tetramers, which have been characterized by terahertz laser spectroscopy (3) . This was done using DQMC on a trimer (tetramer) IPS constructed by pairwise addition of the pair potentials, followed by computing first-order, iterated, n-body induction. As shown in Table 2 , good agreement is found with both ab initio and experimental results, and again a significant improvement relative to ASP-W is found, which generally produced O-O distances that were too long. Effective pair potentials, such as TIP4P, are not able to reproduce the cluster features, yielding rather short O-O distances and binding energies that are too large. That a pair potential such as VRT (ASP-W) does so well in calculating properties of larger clusters is not entirely unexpected, as the dominant n-body force is induction (polarization), which is explicitly treated by the polarizable VRT (ASP-W) potential. In contrast, effective pair potentials parameterize the many-body forces in an average way according to bulk properties and so are unable to simultaneously describe both small clusters and the bulk.
The principal weakness in the VRT (ASP-W) potential is the constraint of frozen water monomers to equilibrium properties. It is known that the donor O-H bond actually elongates slightly (Ͻ1%) upon hydrogen bond formation, accompanied by smaller changes in the bond angle (24, 25) . Although these subtle effects must eventually be included to obtain a "perfect" water pair potential, to do so requires a complete 12D treatment of the VRT dynamics and potential surface, which currently transcends the state of the art. Preliminary explorations indicate that the main effects of including monomer nonrigidity involve some reduction in the acceptor switching splitting and a small (ϳ0.1 kcal/mol) increase in D e . In any case, we expect the effects of monomer nonrigidity on the fitted potential to be relatively minor (25) ; VRT (ASP-W) is clearly quite close to the "exact" water pair potential. Moreover, as computational power continues to increase, it will ultimately become possible to determine the small exchange-repulsion and dispersion contributions to the many-body interactions (26) that are operative within aggregates of water molecules, as well as to further refine subtle features of the pair potential by comparing results computed rigorously from this pair potential with the precise VRT data measured for the water trimer, tetramer, pentamer, and hexamer. Hence, a truly rigorous molecular description of the force fields of solid and liquid water seems close at hand.
Design and Self-Assembly of
Open, Regular, 3D Mesostructures Tricia L. Breen, Joe Tien, Scott R. J. Oliver, Tanja Hadzic, George M. Whitesides* Self-assembly provides the basis for a procedure used to organize millimeterscale objects into regular, three-dimensional arrays ("crystals") with open structures. The individual components are designed and fabricated of polyurethane by molding; selected faces are coated with a thin film of liquid, metallic alloy. Under mild agitation in warm, aqueous potassium bromide solution, capillary forces between the films of alloy cause self-assembly. The structures of the resulting, self-assembled arrays are determined by structural features of the component parts: the three-dimensional shape of the components, the pattern of alloy on their surfaces, and the shape of the alloy-coated surfaces. Self-assembly of appropriately designed chiral pieces generates helices.
We describe a procedure that uses self-assembly of patterned, three-dimensional (3D), mesoscale (millimeter-to centimeter-scale) objects to generate open, regular, 3D structures. These types of structures may eventually find use as the cores of densely interconnected, 3D electronic and optical elements for high-performance computation and sensors. We prepared millimeter-scale objects (both polyhedra and more complex shapes designed to form an extended lattice), coated selected faces with a film of low-melting, metallic alloy, and suspended the resulting particles in aqueous KBr solution at a temperature that melts the alloy. On agitation, the objects collide and interact through capillary forces between the drops of liquid alloy; self-assembly occurs because it minimizes the area of the interface between the alloy and the KBr solution and thus minimizes the free energy of the aggregate. The combination of the shapes of the objects, the pattern of the alloy-coated faces, and the shapes of the faces directs self-assembly and provides a strategy for controlling the structures of the resulting arrays.
This work builds on previous studies of 2D and 3D mesoscale self-assembly (1) (2) (3) (4) (5) (6) (7) (8) . In our studies of 2D systems, polymer plates floating at a perfluorodecalin/water interface interacted through lateral capillary forces; patterning the wettability of the surfaces of the plates directed the self-assembly (1). Achieving the same structural control in 3D self-assembly of small objects using capillarity is a more complicated problem-our previous work in 3D systems focused solely on simple tilings of space (4)-and requires a fluid-fluid interface with a high liquid-liquid interfacial free energy, a method to wet selected surfaces of the objects with only one of the liquids, and a procedure to freeze structures into mechanically stable forms once self-assembly is complete. We have addressed these issues by adapting a methodology originally used by Syms et al. to position the components of micromechanical assemblies (9). We used as liquid phases a lowmelting alloy of bismuth, lead, tin, cadmium, and indium and aqueous KBr solution; the interface between these phases has a high interfacial free energy (we estimate this energy to be ϳ400 mN m Ϫ1 ) (10) primarily as a result of the high surface tension of molten alloy. We formed mesoscale objects of polyurethane (PU) by molding, and patterned their surfaces with alloy, by first attaching pieces of an adhesive-backed copper foil to the surfaces (Fig. 1) (11) . The patterned copper surface coated spontaneously with thin films of alloy when dipped in molten alloy at 60°C. Self-assembly of the objects was accomplished by suspending and agitating them in an aqueous KBr solution at 60°C. After self-assembly was complete, the suspension was allowed to cool to room temperature. The alloy solidified and the resulting structures were mechanically stable (12) .
Design of component pieces that self-assemble into open arrays of specified design requires two structural features to be correctly chosen: (i) the 3D shape of the pieces, and (ii) the positions and shapes of the alloycoated faces on the surfaces of the objects. Here, we demonstrate that design based on these features allows the fabrication by selfassembly of a range of shapes, including extended lattices, regular polyhedra, and open helices.
We chose regular polyhedra-octahedra, cubes, and tetrahedra-as the basis for the components for self-assembly of extended lattices and generated a new set of surface planes on them by truncating either their corners or edges. An important element of design in these systems was the shape of the alloy-coated surfaces of the mesoscopic objects (Fig. 2) . Minimization of the area of the interface between the alloy and the aqueous KBr solution requires that the shapes of opposed faces between two objects match. Thus, the configurations suggested in Fig. 2 , A and B, are energetically more favorable than those in Fig. 2 , C and D, because they minimize the area of the alloy/aqueous KBr interface.
Both corner-truncated octahedra and edge-truncated cubes (Fig. 3 ) assembled into regular lattices: Truncated octahedra crystallized into a simple cubic lattice, and edgetruncated cubes formed a face-centered cubic lattice (Fig. 3, A to D) ; both used energetically favorable, area-minimizing configurations of the opposed faces (Fig. 2, A and B) .
Both corner-truncated cubes and cornertruncated tetrahedra had triangular truncation planes covered with alloy (Fig. 3 , E and G), and their shape, and the positions of the alloy-coated faces, prohibit the formation of an extended lattice with matching face profiles (such as in Fig. 2A) . The corner-truncated tetrahedra assembled with matched configurations of the alloy-coated surfaces ( Fig.  2A) and did not give an extended structure; rather, the pieces formed dodecahedra composed of five-membered rings of tetrahedra (Fig. 3F) . In contrast, the corner-truncated cubes assembled into an extended lattice (Fig. 3H) but with unmatched configurations of the alloy-coated surfaces (Fig. 2C) . These latter arrays are based on energetically lessfavorable configurations of the opposed faces and, unlike the other arrays described in this study, had defects. These defects formed in the outer layer of components of the selfassembled structure when a component piece bonded to the structure with matched face profiles; only ϳ2% of the sites in the structure were defective.
Structures with matching face profiles were formed from the corner-truncated cubes when only four of the truncation planes, arranged tetrahedrally on the surface of each cube, were coated in alloy (Fig. 3, I and J). The cubes first formed five-membered rings with matching face profiles, and then dodecahedra analogous to those formed by the truncated tetrahedra. Five-membered rings formed only when four truncation planes were covered with alloy; when all eight corners were covered with alloy (Fig. 3, G and H) , no dodecahedra formed. The additional alloy-covered truncation planes interfere with the formation of structures with matched face profiles, and complete opposition of the alloy-covered surfaces (to minimize the area of the interface of the alloy and aqueous solution) required formation of extended lattices, albeit at the cost of energetically unfavorable configurations of the opposed faces (Fig. 2C) . Fig. 1 . Schematic diagram describing the process used to allow self-assembly of ϳ5-mm polyhedra, having selected faces covered with low-melting metallic alloy. The liquid used to suspend these objects was saturated aqueous KBr solution. We extended the strategies illustrated by the regular crystalline lattices to a more complex structure, that is, a helix (Fig. 4) . The components were designed to control both the direction of growth of the helix (so that it was along the length of the helix) and its handedness. The shapes used to form the helix incorporated three features. First, rectangles of alloy were placed on the sides of the components. Second, each piece subsumed an angle of 66°when projected along the axis of the helix; thus, assembly of six pieces resulted in 1.1 turns of the helix. Third, the components had S-shaped sides and were chiral. The aggregates that formed had helical structures and the correct handedness, but were limited to ϳ18 objects (ϳ three turns of the helix). We believe the size of these structures was limited by shear forces encountered during agitation and assembly.
A strategy based on minimizing the interfacial free energy of the interface between metallic alloy and aqueous KBr allows the selfassembly of open structures, with complexity extending from regular lattice structures to helices. Successful design requires control of the shape of the objects, the placement of the surfaces supporting liquid alloy, and the shape of these surfaces. The number of alloy-coated faces per component is a factor that is independent of the shape of the faces; it controls the matching of the face profiles and thus the structure of the aggregate.
We have observed reproducible formation of defect-free lattices of at least 100 pieces (13); we have not explored or defined the upper limit of the number of components that assemble before defects begin to appear because of the time it takes to fabricate pieces. These structures are free of defects commonly found in 2D self-assembled structures (14) and in 3D self-assembled arrays of cubes (4). We attribute the reduction in defect density to two facts. First, it is easier to form defect-free 3D structures than 2D structures because there are more interconnections and components in 3D structures to cause alignment of the components. Second, the high interfacial free energy of the alloy-aqueous KBr system results in bonds between components that are strong enough to prevent slip dislocations.
This system-polyhedra designed to selfassemble, molded in organic polymers, and connected through the use of capillary forces determined by minimization of the interfacial area between an alloy and aqueous KBr solution-is suitable for fundamental studies of self-assembly. The open lattice mesostructures with metallic interconnects that it generates also represent a step toward new types of structural materials, optical band-gap materials and other diffractive optical structures, and self-assembled, 3D microelectronic devices with built-in channels for cooling (15) . The successful generation of these aggregates of millimeter-scale components suggests selfassembly as a strategy for precision assembly. To make the transition from fundamental studies to applications, we will require improved methods of fabrication of the components, methods of fabricating smaller components, and stronger adhesion between the components and the metallic alloy patterned on their surfaces. 
